Introduction
At present the electromagnetic oscillations in confined resonant systems with random inhomogeneities, in particular, quasioptical microwave resonators, are under study. Up to date, however, the satisfactory solution to this problem was not found both in theoretically and experimentally. On the one hand, the well-elaborated theories of wave propagation in disordered media use the statistical isotropy and the scattering potential homogeneity conditions [1, 2] , which basically cannot be implemented for confined systems. On the other hand, the random matrix theory (RMT) that is commonly used to analyze the confined systems [3, 4] also has significant limitations. For RMT application it is necessary to express the Hamiltonian of the system in terms of a matrix whose elements are random. Such a matrix can belong, for instance, to the ensemble of Gaussian orthogonal matrices (GOE). In this case matrix elements are real, symmetrical to the time inversion, and invariant to orthogonal transformations. The system with such a Hamiltonian is not integrable and the motion in it is completely chaotic. The examples of the completely chaotic systems are microwave resonators similar to the Sinai and Bunimovich billiards. Their chaotic spectra are well described by RMT [3] . The quasioptical cavity resonator even with small random inhomogeneities being considered in the present paper belongs to neither an integrable system nor a completely chaotic one. In this system we found that by inserting the inhomogeneities into the resonator its spectrum becomes mixed, i.e., it contains both regular and chaotic components simultaneously. Therefore, strictly speaking, to study the spectrum we cannot use the RMT approach [4] so we need a different one. Experimental study of electromagnetic oscillations spectrum in a quasi-optical cavity resonator filled with inhomogeneities also requires new techniques at wide frequency range, including millimeter waves.
In the paper, the physical nature of the broadening and the shift of spectral lines of the quasi-optical cavity resonator filled with filled with randomly distributed bulk inhomogeneities has been studied both theoretically and experimentally. We have elaborated the original spectral theory based on the mode separation technique. The technique previously developed in [5, 6] for open waveguide-type systems is extended here to closed systems, in particular, to a cylindrical cavity resonator. The proposed method applied directly to the master dynamic equation of the problem enables one to identify the principal physical mechanism of unexpectedly large spectral lines broadening with nondissipative intermode scattering. This type of scattering causes the width of nearestneighboring spectral lines to increase more intensely than the width of solitary spectral lines. Owing to this fact the quality factor and, respectively, the intensity of the nearest-neighboring spectral lines tend to decrease sharply, but these parameters of solitary lines are only slightly changed. Below we will refer to such a selective change in the spectral lines as the "spectrum rarefaction." In order to verify theoretical predictions, systematic measurements of the quasi-optical cavity resonator spectrum were performed with different realizations of random infill. We detected the predicted "rarefaction" effect and proved its origin to be related to the intermode scattering on non-dissipative random inhomogeneities. The possible applications of spectral study of the resonator with random inhomogeneities to nanoelectron systems are considered in the report. Such a resonator can be a model of semiconductor quantum billiard. Based on our results we suggest the use of such billiards with spectrum rarefied by random inhomogeneities as an active system of semiconductor laser.
The theoretical aspects
Consider a cylindrical quasi-optical cavity resonator of radius R and height H (see Fig. 1 ). The inner volume the resonator is assumed to be filled with the material having random inhomogeneous permittivity. We are interested in oscillations that constitute the transverse-electrical resonance mode (TE mode) provided that the resonator is empty. According to [7] , the electromagnetic field of the TE mode can be calculated using the magnetic Hertz vector that has only one non-zero component, namely, z component 1H ( L+kk2g(r)]rIl(r) = 0 (1) Where all components of the Hertz vector, except z component, are assumed to have a zero value provided that the inhomogeneity is adequately small. In (1), A is the three dimensional (3D) Laplace operator, E(r) = go + de(r) + ia is the complex permittivity whose imaginary part a phenomenological takes into account the ohmic loss in the system; the function 8e(r) describes random spatial fluctuations of the permittivity around its average value go, k = ci/ c is the wave number.
In the case of a classical resonance system, the excitation by a given point monochromatic source is governed by (1) which should be complemented with a term in the right-hand side. The equation thus obtained coincides in form with the equation for the Green function of quantum particles moving in a dissipative medium and being subjected to an inhomogeneous scalar potential. Therefore the results of the present formally electromagnetic study can be extended, at least qualitatively, to solid-state objects such as randomly inhomogeneous semiconductor quantum billiards of near-cylindrical shape. In the presence of some dissipation mechanisms (say, ohmic loss in the resonator walls) the equation for Green function of (I) takes the form
Here Td is the dissipative attenuation time whose inverse value is connected to the imaginary part of function v(r) taken with minus sign. The potential V(r) in the case of electromagnetic system is given by V(r) = -k2 e(r) Boundary conditions for the solution to (2) 
Experimental technique
The main goal of our experiment is to verify the theoretical results for shifting broadening of spectral lines caused by inhomogeneities and the possible resonator spectrum "rarefaction". We look into the influence of inhomogeneities on cavity resonator spectrum at a frequency range of 32-37 GHz. A quasioptical cylinder millimeter wave resonator random filled with styrofoam particles (Fig.1) is chosen for the experiment. The styrofoam particles have the real part of permittivity of about unity and with small dielectric loss £ = 1.04 + il 0-. To study the influence of dielectric particles on resonator spectrum it is necessary to provide a high quality factor for the oscillations in the inhomogeneity-free resonator. For this purpose we excited the TE mode in the resonator. The magnetic field vector of this mode is directed along the resonator z-axis, and microwave currents do not cross the interface between the flat resonator face and cylinder surface. Owing to this the empty resonator has a high quality factor up to 2 x 104. To excite the selected mode we used a waveguide diffraction antenna. It represents the circular hole with a diameter of 2 mm in a thin diaphragm 0.1 mm thick, which closes the input waveguide. The diaphragm surface is flush mounted with the side-cut resonator cylinder surface. The identical antenna is used to receive the oscillations on the opposite side of the cylinder surface. The resonator spectrum was detected using "on pass" regime over 32 -37 GHz frequency range by wide-band standing wave ratio meter. The measurement process was computerized. A signal from the measurement device goes into computer using analog-digital conversion. The further signal processing determining the spectral line intensity, its quality factor, and frequency) was performed by applying the special software package. Owing to this, the accuracy of frequency and quality factor measurement do not exceed 0.1 and 1%, respectively. The styrofoam particles used as inhomogeneities are of approximately 2 -3 mm size. Their space distribution among them was arbitrary for each realization. The spectral characteristics were measured depending on number of these inhomogeneities.
Shifting and broadening of spectral lines: effect of spectrum "rarefaction" To compare the theory [8] and the experiment [9] we calculate the spectrum of TE modes in the quasioptical cylinder cavity millimeter wave resonator filled with random dielectric inhomogeneities using our theoretical results. When calculating the resonator spectrum the resonator parameters were taken from the experiment. The spectrum was found by solving the excitation problem with a point external dipole. Figures 2(a)-2(d) shows the influence of random bulk inhomogeneities on the spectrum at different values of parameter cr calculated with (3(a), (b)). As an example we selected the spectrum at the 36 -37 GHz frequency interval.
It is shown that the spectrum has considerably changed in the presence of bulk dielectric inhomogeneities. It should be added that the peak with n,t = 2 has the largest broadening and the negative relative frequency shift in the frequency band [ Figs.2 (a)-5(f) ] under consideration. This is due to the strong interaction between the nearest-neighbor peaks and the peaks that have n 0 = O and n, = 4. This claim can be proved as follows. Fig. 3 shows the value of some terms from (3a) and (3b). As one can see, the largest values correspond to the resonances with n11 = 0 and n11 = 4 for the dependence for n11 = 2. It is necessary to note that for the solitary peak with nP = 15 all elements of the sum in (3) The theoretical and experimental spectrum of the empty resonator is rather dense and consists of 84 narrow spectral lines in the range of 32-37 GHz (Fig.4) . Each line can be identified according to mode indexes if the number of inhomogeneities is fairly small. We found out that oscillations with high quality factor (Q) of order of 104 and higher have small azimuthally indexes (n 1) and high radial indexes (1 >> 1). For the oscillation mode (n>>1, I/= 1) the field is concentrated inside the resonator side-cat (whispering-gallery oscillations [10] ), Q is nearly 2 xl . The spectrum of the resonator with inhomogeneities differs essentially from the spectrum of empty resonator. By increasing the number of inhomogeneities the spectral lines are becoming wider, and Q correspondingly decreases. The intensity of broaden lines decreases too. The spectrum keeps only few lines with sufficiently high intensity and the Q value. For such lines the value of Q is close to the Q factor of spectral lines of the empty resonator. So, the number of lines with high intensities and with Q > 104 is equal to 52 in empty resonator (Fig.4 (a) ]. At the resonator is filled by styrofoam particles the number of such lines is 10 [ Fig, 4(b) ], and at the resonator filled with pressed Styrofoam particles, the number of lines is 3 [ Fig.4(c) ]. Consider three highest peaks in Fig.4(c) . These peaks do not have so many nearest-neighbor peaks, as one can see in the insert in Fig.4(c) with somewhat higher-resolution data. Their peak amplitudes are high as compared to other peaks became of the spectrum "rarefaction". 0.2. Both the spectral lines broadening and their shift agree with described above theory and can be interpreted 
Conclusion
The object of the paper consideration is the spectrum of quasioptical cavity resonator filled with randomly located dielectric inhomogeneities. The experimental data of spectrum measurement in eight millimeter wave band were presented. We showed that the presence of inhomogeneities lead to the broadening and shift of spectral lines. It is found that the physical nature of broadening and shift of spectral lines is relevant to intermode scattering. The scattering effect for the given spectral line essentially depends on a frequency distance between of it and adjacent ones and is sharply decreased for bigger distances. Under the influence of random inhomogeneities the original spectrum modification occurs that can be interpreted as spectrum rarefaction. 
